D r a f t 2 15 Abstract 16 The paper presents the case study of the Adige river embankment, a segment of which 17 experienced instability of the landside slope due to the development of uplift pressures. Soil 18 profile and hydro-mechanical properties of the embankment and foundation materials have 19 been assessed via site investigation, laboratory testing, and field monitoring for two cross 20 sections, within and outside the failure segment respectively. The hydro-mechanical model 21 developed thereof was first validated against its ability to reproduce the probability of failure 22 for the two sections with a FOSM-based approach. Comparison of water flow regimes between 23 the two sections was then used to highlight the importance of the hydraulic properties of the 24 material on the landside for the development of uplift pressures at the toe of the embankment. 25 The lesson learnt from this case study is that the hydraulic response of the ground on the 26 landside may play a critical role on the stability of flood embankments and its characterisation 27 should therefore not be overlooked when planning site investigation. 83 foundation as they were at the time of failure. This is rarely the case as instability is often 84 accompanied by a breach with the embankment and the foundation layers swept away, making 85 soil profile and material characterisation impossible to reconstruct a posteriori. Field and 86 laboratory testing was carried out to characterise stratigraphy and soil's hydro-mechanical 87 properties for two cross sections, one within and one outside the failure segment. The hydro-88 mechanical model was first validated against its capability to reproduce realistic probability of 89 failure within and outside the failure segment and then used to highlight critical aspects of the 90 failure mechanism.
91
The case-study 92 The embankments on the Adige River 1 were built at the end of 19 th century to straighten the 93 river path. The traces of the ancient meanders are still visible along the alluvial valley and are 94 easily recognisable from aerial photographs and satellite images (Angelucci, 2013) . These 95 resources can be coupled with historical cartography to reconstruct the ancient meandering 96 path of the river (Fig. 1 ).
97 During an intense flood event in July 1981, a 230 m segment of the embankment near the 98 village of San Floriano experienced instability and a 50 cm deep scarp was observed on the 99 crest of the embankment 2 . The probability of failure has been assessed for this segment as well 100 as for a section in the south outside the failure segment ('stable' in Fig. 1 ).
101

Soil profile
102 Soil profile has been inferred from boreholes and Dynamic Probing Heavy (DPH) tests from 103 the crest at different locations along a 500 m segment, which includes the failure segment and 104 the stable zone south of the failure segment. Layer boundaries inferred from visual inspection 1 Northern Italy in Figure S1 . 2 Picture of the scarp in Figure S2 .
D r a f t D r a f t 7 128 Additional information was therefore required to characterise the soil profile on the landside.
129 Investigation was carried out using EM profiling based on Slingram method (Nabighian, 1992) 130 using the device GEM2 (GEOPHEX USA) along the toe of the embankment. Results are shown 131 in Fig. 3 . The sharp local anomalies of resistivity (chainage km 122.19, 122.28, 122.35) are 132 associated with the presence of artificial metal objects on the surface. Within the failure 133 segment, apparent resistivity is essentially constant with a slightly increasing trend from 134 chainage km 122.24 to km 122.39. Outside the failure segment the resistivity increases, more 135 markedly from chainage km 122.41. This is associated with the appearance of the sandy 136 alluvial deposit generated by the ancient river, which is close to the embankment in the south 137 section. The alluvial deposit on the landside therefore appears in the south but not in the failure 138 segment, as reflected in the soil profile for the two cross-sections (in Fig. 4 ).
139 Grain size distributions for the identified materials are shown in Fig. 5 . The embankment core 140 is fairly homogeneous within and outside the failure segment. The alluvial material and the 141 lacustrine material show larger variability along the longitudinal profile ( Fig. 5b ).
142 The grain size distribution of the sample collected at a depth of 3.5m from the only borehole 143 on the landside in the section outside the failure segment (B132B) is consistent with the grain 144 size distribution of the alluvial material. This confirms that the alluvial deposit extends beyond 145 the toe of the embankment in the section located south of the failure segment.
146
Hydro-mechanical characterisation 147 Laboratory testing was carried out to investigate shear strength, saturated hydraulic 148 conductivity, and water retention behaviour of the embankment material. Cell piezometers and 149 tensiometers were installed in the zone below and above phreatic surface respectively and their 150 measurements were used to characterise the hydraulic properties of the embankment and the 
171 Saturated hydraulic conductivity of foundation layers via laboratory testing 172 Two specimens 80 mm diameter and 20 mm high were cut from samples taken from the alluvial 173 deposit and lacustrine deposit at the depths of 7.3-7.7 and 12.7-13.00 respectively (Borehole 174 B551). The specimens were consolidated in an oedometer to 160kPa and 250 kPa for the 7.3-175 7.7 and 12.7-13.00 samples respectively to reproduce field effective stress (Aldegheri, 2009 ). 206 The saturated hydraulic conductivities of the embankment and the alluvial deposit were 207 selected to allow for the best matching between simulated and observed data. In lack of data, 208 the ratio between the hydraulic conductivities in vertical and horizontal direction has been 209 assumed equal to k V /k H =0.1 for the foundation layers (Lancellotta, 2009) .
210 The comparison between simulated and measured pore-water pressure values was considered 211 satisfactory. The maximum difference between measured and simulated values was less than 4 212 kPa for the piezometers and less than 3 kPa for the tensiometers. 231 Two specimens from outside the failure segment (B739, depth 3.0-3.3 m) were compacted into 232 the shearbox to vertical stress of 200 kPa and water content of 18% and 21% respectively to 233 achieve a target dry density similar to the specimens prepared for the water retention behaviour.
234 Specimens were then unloaded to 100 kPa and 50 kPa vertical stress respectively to simulate 235 field stress conditions. Afterwards, the specimens were saturated by flooding the shearbox 236 external container sheared at displacement rate of 1.6 mm/h. All specimens showed a 237 monotonic increase in shear strength until the ultimate state with compressive behaviour. The 
248
 Friction angle: COV equal to 13%, in the range 2-13% suggested by Duncan (2000) .
249
 Saturated hydraulic conductivity: COV equal to 90%, consistent with literature values 250 ranging from 10% (Nguyen & Chowdhury, 1985) to 160% (Zhang, et al., 2005) .
251
 Water retention curve: COV of 60% and 9% were assumed for the α and n parameters in 291 An unstructured mesh of quadrilateral and triangular elements was adopted for the entire 292 domain. The mesh density in the regions where higher gradients develop was optimised by 293 reducing the element size until no significant change in pore-water pressure was observed (0.5 294 kPa). For the embankment core, the alluvial deposit and the gravelly shell, elements with size 295 equal to 0.4m were adopted, while 1m elements were used for the lacustrine foundation layer.
296 A constant time step of one hour was used for the entire duration of the seepage simulation 297 (four days). The optimal time step duration was selected with the same approach adopted for 298 the mesh density, by reducing an initial time step of 3 hours until no significant change in pore 299 water pressure was observed (0.5 kPa).
300
Stability analysis 301 The stability analysis was carried out using Bishop's simplified method (Bishop, 1955 Table S1 . 395 This is shown by the fact that the maximum pore water pressure for a point at a depth of 0.5 m 396 below the toe of the embankment corresponds to the peak of the hydrograph (Fig. 12 ). In the 397 section outside the failure segment pore water pressure along the slip surface is less affected 398 by variations in river level, even if the foundation material is extremely permeable, because 399 water tends to flow towards the landside. The value of pore water pressure along the slip surface 400 increases more slowly because water flow is taking place in the embankment from the river, D r a f t 19 401 not from the foundation layer, therefore the seepage process is governed by the hydraulic 402 conductivity of the unsaturated embankment material. For this reason it takes some time for 403 the water front to reach the slip surface, resulting in a delay between the peak of the hydrograph 404 and the time when the maximum pore water pressure and, hence, the minimum Factor of Safety 405 is attained. 
